Background: This study examined the effects of cardiorespiratory fitness, heart rate recovery, and physical activity on working memory in breast cancer survivors and age-matched controls. Method: Using a case-control design, 32 women who had received a breast cancer diagnosis and completed primary treatment within the past 36-months (11 radiation only; 21 chemotherapy) and 30 age-matched women with no previous cancer diagnosis completed a n-back continuous performance task commonly used as an assessment of working memory. In addition, cardiorespiratory fitness and heart rate recovery were measured during a submaximal graded exercise test and physical activity was measured using 7-days of accelerometer monitoring. Results: Breast cancer survivors who had received chemotherapy had poorer heart rate recovery ( p = .010) and engaged in less physical activity than women who had received radiation only ( p = .004) or non-cancer controls ( p = .029). Cancer treatment (radiation; chemotherapy) predicted differences in reaction times on the 1-back working memory task ( p = .029). However, more rapid heart rate recovery predicted shorter reaction times on the 1-back task in the age-matched control group ( p = .002). All participants with greater cardiorespiratory fitness displayed greater accuracy independent of disease status on the 1-back task ( p = .017). No significant group differences in reaction times were observed for 2-back target trials between breast cancer survivors and controls. However, greater total physical activity predicted shorter reaction times in breast cancer survivors (radiation, chemotherapy) on the 2-back task ( p = .014). In addition, all participants who exhibited more rapid heart rate recovery demonstrated better greater accuracy regardless of disease status ( p = .013). Conclusion: These findings support differences in physical activty participation, heart rate recovery, and 1-and 2-back working memory reaction times between breast cancer survivors and age-matched controls. Greater cardiorespiratory fitness, heart rate recovery, and physical activity were positively associated with better working memory performance across conditions.
Introduction

B
reast cancer is the leading cause of new cancer cases among women in the U.S., and is expected to account for 29% of all new cancers among women.
1 This burgeoning population of cancer patients and survivors are living with treatment-related side effects affecting their health and quality of life. A growing body of evidence suggests the consequences of breast cancer and treatment also include cognitive dysfunction. 2 Cancer-related cognitive impairment is the loss of mental acuity associated with cancer and cancer treatment. Typical concerns reported by breast cancer survivors include memory lapses, difficulty concentrating, trouble with word retrieval and remembering details, and slower cognitive processing. 3 Evidence suggests cancerrelated cognitive impairment can be detected in up to 33% of patients prior to treatment, whereas approximately 75% of breast cancer survivors report some impact on cognitive functioning during treatment. 2 Additionally, cognitive impairment can persist in approximately 35% of cancer survivors up to 20 years following treatment completion. 4, 5 An array of biological and psychological mechanisms that contribute to cognitive dysfunction have been proposed. The current literature suggests a complex constellation of mechanisms for cancer-related cognitive impairment that includes neurotoxicity due to treatments (e.g., radiation, chemotherapy, hormone therapy), patient characteristics (e.g., genetic predisposition, age, cognitive reserve), oxidative stress (e.g., telomere shortening, estrogen-mediated effects), psychological factors (e.g., fatigue, anxiety, depression, perceived stress), and immune dysregulation (e.g., irregular cytokine production). 6, 7 Neuroimaging studies suggest smaller total brain volume and volume of brain structures important for executive function (i.e., frontal and pre-frontal cortex) in chemotherapy-treated individuals compared to healthy controls. 8 In resting state neuroimaging, chemotherapy-treated breast cancer survivors displayed altered global and regional network organization compared to healthy controls, including networks implicated in executive control, memory, and emotion regulation. 9 However, many breast cancer survivors also report cognitive impairment prior to any adjunctive treatment. 3 Given emerging evidence, it is safe to assume the etiology of cancer-related cognitive impairment is multifactorial and should be examined from a variety of perspectives.
One aspect of cancer-related cognitive impairment is working memory, a subset of cognitive processes required for the conscious storage, maintenance, and manipulation of task-related complex information over a short period of time that is essential for higher level cognitive functioning related to learning, decision-making, and problem-solving. 10 Findings from studies examining differences in working memory between breast cancer survivors and non-cancer controls using objective cognitive testing have been equivocal. For example, early stage breast cancer survivors prechemotherapy have shown slower response times and less accuracy than controls and a non-cancer control group. 11 Conversely, in a study investigating women with breast cancer receiving Lupron and healthy women 12 no significant differences were found between groups in working memory irrespective of task complexity. However, in another study while reaction times and task performance accuracy in working memory did not differ between breast cancer survivors and non-cancer controls, 13 there were significant differences in frontal lobe activation in breast cancer survivors.
Cardiorespiratory fitness and physical activity are potentially important moderators of cancer-related cognitive impairment in breast cancer survivors. Cardiorespiratory fitness is the assessment of global cardiovascular function, specifically the ability of the circulatory and respiratory systems to supply oxygen to skeletal muscles during sustained physical activity.
14 Clinical research suggests cancer diagnosis and treatment are associated with cardiovascular injury and decreased cardiorespiratory fitness across the survivorship continuum. 15 Cardiorespiratory fitness has also been associated with preservation of cognitive function in older adults 16 and these effects might even be greater in cognitively impaired populations, such as those with cancer-related cognitive impairment. 17 A further related element of cardiorespiratory fitness is heart rate recovery, the rate at which the heart rate decreases following exercise completion. The ability of the heart to recover post-exercise serves as an indicator of parasympathetic nervous system activity, 18 impairment of which has been implicated in an increased risk of depression 19 and cancer-related fatigue 20 in breast cancer survivors. In older adults, those with higher cardiorespiratory fitness had faster heart rate recovery post-exercise and performed significantly better on a memory task than those with poor heart rate recovery. 21 Physical activity is any movement of the body resulting in increased energy expenditure and encompasses all bodily movements, from sports to activities of daily living. 22, 23 Both pre-and post-diagnosis, higher physical activity is associated with better prognosis and reduced breast cancer-specific and all-cause mortality. 24 Cancer survivors undergoing or having completed chemotherapy, who increased physical activity, have also reported improved cognitive health over time. 25 In older adults, objectively-measured total daily physical activity has been positively associated with global measures of cognition 26 and shorter response times during a working memory task in comparison with older adults with lower physical activity levels. 27 Unfortunately, the majority of breast cancer survivors do not meet national physical activity recommendations. 28 Some findings have suggested breast cancer survivors spend less than 2% of their day engaged in moderate-to-vigorous physical activity and almost 80% of their time engaged in sedentary activity. 29 In general, physical activity and cardiorespiratory fitness may improve neurophysiological mechanisms affected by cancer and its treatment, including cell proliferation and survival in the hippocampus, white matter integrity, blood flow and neurotransmitter regulation, neuro-and cardiactoxicities, bone loss, fatigue, sleep disruption, anxiety and depression as well as improving overall physiological function and body composition. 30, 31 Higher fitness levels in older adults have been associated with preventing age-related brain tissue loss, more efficient brain processing, and better behavioral performance during cognitive tasks that involve higher-level executive control. 32 Higher levels of fitness are also associated with greater hippocampal volume, which is related to better working memory function. 33 While the body of research suggesting beneficial effects of exercise in relation to cognitive function in relation to older adults has continued to emerge over the past decade, equivalent research in the area of cancer-related cognitive impairment lags behind. The present study examined whether working memory performance in women who had received a breast cancer diagnosis and completed primary treatment within the past 36-months differed from age-matched women with no previous cancer diagnosis. We hypothesized breast cancer survivors would perform more poorly on a working memory task versus age-matched controls. We further predicted cardiorespiratory fitness, heart rate recovery, and daily physical activity would be positively associated with better working memory performance.
Material and Methods
Participants
Breast cancer survivors were recruited via a local oncology clinic. Oncology clinic research staff assisted with recruitment by screening physician schedules and reviewing patients' electronic medical records to identify those who were within 36 months of completing their primary therapy for breast cancer (i.e., including chemotherapy, radiation therapy, or both) and potentially eligible for the study. In addition, breast cancer survivors and age-matched controls were recruited using print media (newspapers, flyers), websites, and listserve announcements. After expressing initial interest, women were contacted by phone and provided a full study description. During the initial contact, interested individuals completed a demographics questionnaire and a personal medical history questionnaire. Of the 141 total contacts, 73 consented, and 11 women withdrew after consenting owing to schedule conflicts (n = 2), no longer interested (n = 3), or unable to contact (n = 6).
Participants were women (n = 32) who had received a breast cancer diagnosis and completed primary treatment (n = 11 radiation only; n = 21 chemotherapy) within the past 36-months and age-matched controls (n = 30) with no previous cancer diagnosis. Additional inclusion criteria for all participants were female, 18-70 years of age, ability to read, write, and speak English, ability to walk on a treadmill unassisted, normal color vision and normal/corrected visual acuity of at least 20/40. Participants with a score £23 on the modified Mini-Mental Status Exam, a history of stroke, transient ischemic attack, or a surgery that involved removal of brain tissue were excluded. In addition, current use of computer-based brain training games (e.g., Lumosity Ò , BrainHQ Ò ) were excluded due to the similarity of some of these games to the n-back working memory task and to mitigate against practice effects. The protocol was approved by an institutional review board and written informed consent was obtained. All potential study participants also provided written consent from a physician prior to study enrollment indicating clearance to participate in both the cardiorespiratory fitness and cognitive testing. Participants completed an initial visit for cardiorespiratory fitness assessment and 7 days of accelerometer monitoring. During a second visit participants completed cognitive testing in the form of a nback continuous performance task commonly used as an assessment of working memory.
Demographics
Self-reported medical history, marital status, age, race, ethnicity, occupation, income, and education were collected for all participants.
Breast cancer medical history
Participants who had received a breast cancer diagnosis provided self-report information on breast cancer specific diagnosis and treatment history.
Cardiorespiratory fitness and heart rate recovery
At the initial appointment, height and weight were measured using an electronic stadiometer and scale (model 763, Seca: Chino, CA). Cardiorespiratory fitness was assessed via a submaximal graded exercise treadmill test (Naughton protocol). 34 Participants were fitted with a heart rate monitor then walked on a treadmill while speed and/or grade increased in 2-minute stages until the participant achieved 85% of a pre-determined, age-predicted maximum (220-age) heart rate. During each 2-minute stage, participant heart rate, blood pressure, and subjective rating of perceived exertion 35 were recorded. Heart rate recovery was measured as an indirect indicator of parasympathetic tone and determined by calculating the difference between peak heart rate during the graded exercise test and heart rate 60 seconds after its' completion while participants remained standing still on the treadmill. This was followed by a 3-minute monitored cooldown period of slower walking and a final 2-minute monitored seated resting period. Cardiorespiratory fitness was then derived from the treadmill test as an estimated V0 2peak.
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Physical activity
Physical activity was objectively measured by 7-day accelerometer monitoring (model GT3X, Actigraph: Pensacola, FL), given to participants at the end of the cardiorespiratory fitness testing session. Participants wore the accelerometer during waking hours and wear time was recorded on an accelerometer log. Participants were instructed to monitor their accelerometer wear but not to change or monitor their physical activity in any other way. Data were downloaded and digitally converted to ''activity counts'' per minute (i.e., one epoch), and processed using MeterPlus 4.2 software (Santech Health: San Diego, CA). Only days with at least 10 valid hours of wear time were included in the analyses, and hours with greater than 60 min of consecutive zeros were considered invalid (i.e., non-wearing). 36 Activity counts were summed and averaged across the total number of valid days for a total daily activity score.
Working memory
At a second appointment, participants were tested on an individual basis in a private quiet area kept free of distractions. Cognitive testing was administered using a laptop computer and handheld response pad (model TR-1 · 4-CR, Current Designs Inc.: Philadelphia, PA). Participants completed a n-back task designed to assess variable working memory demands. The n-back task requires subjects to dynamically monitor a continual stream of stimuli, often of uncertain length, while updating mental representations of the target items and dropping non-relevant items from consideration. 37 The n-back task has been considered the gold standard task in the assessment of working memory across populations. 38, 39 In addition, the n-back has been previously used to investigate working memory in breast cancer survivors ranging in age from 42-69 years. 11, 13, 40, 41 Each condition required participants to discriminate between 5 distinct colored shapes: blue circles, green triangles, purple stars, red squares, and orange crosses. Each participant completed two conditions of increasing difficulty: the 1-back and 2-back. The difference between the 1-back and 2-back relates to the amount of information that may be successfully recalled by an individual. Specifically, the increasing cognitive load of working memory maintenance and manipulation in higher n-back tasks is thought to reflect greater reallocation of attention and processing capacity to meet these increasing demands. 42, 43 In each condition, participants were instructed to respond as quickly and accurately as possible with a right button press if the current shape was the same as the previous trial (i.e., hit) or a left button press if the shape was different from one trial prior (i.e., correct reject) during the 1-back condition, and two trials prior for the 2-back condition. All stimuli were 3 cm tall, presented one at a time on a computer screen with a black background for a duration of 2900 ms, with a fixed 3000 ms inter-stimulus interval. In each condition, 80 trials were presented containing 20 (25%) targets and 60 (75%) non-targets. Behavioral data were collected in terms of reaction time (time in milliseconds from stimulus presentation until manual response) and accuracy (percentage of correct responses) for target and nontarget trials across each task condition. Participants practiced a version of each n-back task to ensure comprehension of the task. The total time to complete all phases of this task was approximately 10 minutes.
Statistical analysis
All analyses were performed using IBM SPSS version 22 (IBM, 2013). Frequency distributions for the measures were examined to check for missing information and out-of-range values. Variable distributions were inspected, and a 5% winsorization technique was applied to preserve out-of-range rank order values in the distribution while limiting their influence. 44 To investigate differences between breast cancer survivors, including those who had received radiation only versus those who had undergone chemotherapy, and agematched controls, linear mixed models were used. Cohen's d, a distribution-based effect size measure, was calculated between groups (non-cancer controls; radiation only; chemotherapy) for each outcome variable. 45 Effect sizes were interpreted using Cohen's criteria of .20 as a small effect, .50 as a moderate effect and .80 as a large effect. Multilevel regression analyses were then conducted to assess the moderating role of demographic, cancer treatment (radiation only; chemotherapy), cancer stage, time since diagnosis, cardiorespiratory fitness, heart rate recovery, and physical activity on working memory. Multilevel models were developed in a stepwise fashion. 46 Predictor variables were tested individually for main effects and interaction effects with each time term. Final trimmed models were developed by entering all significant predictors and their interactions to test overall prediction of outcome variables over time (exclusion p > .100). This forward-stepping method of model development has proven robust with smaller sample sizes and ensures these models do not tax the number of parameters a data set can estimate, or the ''carrying-capacity'' of the dataset. 47 Significant 2-way interactions were further decomposed via simple intercepts and slopes analyses. 48 Table 1 summarizes participant characteristics, cardiorespiratory fitness, and physical activity indices. There were no significant differences between groups in age, education, body mass index, or cardiorespiratory fitness. A significant group difference was observed for heart rate recovery [F(1,61) = 3.78, p = .028]. Breast cancer survivors who had received chemotherapy exhibited slower heart rate recovery following completion of a submaximal graded exercise in comparison to age-matched controls ( p = .010, d = -0.76) and breast cancer survivors who had received radiation only ( p = .062, d = -0.71) (see Fig. 1) . A significant group difference was also observed for total daily physical activity [F(1,62) = 4.881, p = .011]. Breast cancer survivors who had received chemotherapy engaged in significantly less total daily physical activity than age-matched controls ( p = .004, d = -0.84), as well as breast cancer survivors who had received radiation only ( p = .029, d = -0.83) (see Fig. 2 ).
Results
Participant characteristics
1-Back condition
For the 1-back condition, group means and multilevel regression analyses for working memory performance are summarized in Tables 2 and 3 , respectively.
Reaction time. A group difference that approached statistical significance was observed for 1-back target trials [F(1,62) = 3.08, p = .053], indicating longer reaction times in breast cancer survivors who had received radiation only versus non-cancer controls ( p = .029, d = 0.79). A significant interaction effect between disease status and heart rate recovery ( p = .011) further suggested those in the age-matched control group who had faster heart rate recovery also had shorter reaction times for 1-back target trials (Est. = -5.17, p = .002, R 2 = 0.23). No such effect was evident in either breast cancer survivor group (radiation only: p = 0.241; chemotherapy: p = .329) (see Fig. 3 ). A significant group difference was also observed for 1-back non-target trials [F(1,62) = 5.12, p = .009], indicating breast cancer survivors who had received chemotherapy had significantly longer reaction times than controls ( p = .003, d = 0.87), but this was not moderated by cardiorespiratory fitness or physical activity ( p > .100).
Accuracy. No significant group differences in accuracy were observed for 1-back target trials [F(1,62) = 0.45, p = .640]. However, higher cardiorespiratory fitness was associated with greater accuracy on 1-back target trials regardless of disease status ( p = .017). For 1-back non-target trials, again no group differences in accuracy were evident [F(1,60) = 0.75, p = .476] and no further indices of cardiorespiratory fitness or physical activity moderated these effects ( p > .100).
2-Back condition
For the 2-back condition, group means and multilevel regression analyses for working memory performance are summarized in Tables 2 and 4 , respectively.
Reaction time. No significant group differences in reaction times were observed for 2-back target trials [F(1,62) = 0.97, p = .384]. However, a significant group by average total daily physical activity interaction ( p = .014) suggested all breast cancer survivors, independent of chemotherapy treatment, who engaged in more total physical activity had shorter reaction times for 2-back target trials (radiation only: Est. = -0.13, SE = 0.04, p = .002, R 2 = 0.12; chemotherapy: Est. = -0.24, SE = 0.07, p = 0.002, R 2 = 0.27) (see Fig. 4 ). In contrast, no such effect was evident in the agematched control group ( p = .727). In addition, a main effect for heart rate recovery was observed that approached statistical significance ( p = .081), suggesting those who had faster heart rate recovery also had shorter reaction times for 2-back target trials, regardless of group status. For 2-back non-target trials, no significant group differences in reaction time were observed [F(1,62) = 2.17, p = .123]. However, a main effect for heart rate recovery ( p = .001) indicated those with faster cardiovascular recovery times had shorter reaction times independent of disease status.
Accuracy. No significant group differences in accuracy were observed for 2-back target trials [F(1,60) = 1.72, p = .189]. However, those with higher education ( p = .013) and faster heart rate recovery ( p = .013) were more accurate regardless of group status. For 2-back non-target trials, no group differences in accuracy were observed [F(1,62) = 0.79, p = .460]. However, those with higher education ( p = .028) were more accurate independent of disease status. No additional indices of cardiorespiratory fitness or physical activity further moderated accuracy for 2-back non-target trials ( p > .100).
Discussion
The present study examined whether differences in working memory existed between breast cancer survivors, including those who had received chemotherapy or radiation therapy, and non-cancer controls and whether cardiorespiratory fitness and physical activity indices moderated these effects. Findings suggest women who had received chemotherapy exhibited slower heart rate recovery in comparison to women who had received radiation only and age-matched controls. These women also engaged in significantly less physical activity than women who had received radiation only or non-cancer controls. There were no differences between groups in cardiorespiratory fitness. The lack of conventional statistical between-group differences in cardiorespiratory fitness may have been related to our use of a submaximal graded exercise test, which could have overestimated peak cardiorespiratory fitness in both groups. 49 Overall, these findings suggest that while breast cancer survivors may have had similar age-predicted cardiorespiratory fitness levels, they differed in their cardiovascular recovery ability from a submaximal graded exercise test and overall physical activity levels. For the 1-back condition of the working memory task, breast cancer survivors had significantly longer reaction times across trials. Fitness-related between-group differences in reaction times in target trials favoring the non-cancer control group may have been related to slower heart rate recovery in both breast cancer survivor groups. These findings parallel research in the aging literature that suggest older adults with faster heart rate recovery perform significantly better on cognitive tasks than older adults with poor posttest heart rate recovery. 21 While there were no significant group differences in response accuracy for the 1-back condition, there was an overall positive effect for cardiorespiratory fitness across all groups independent of disease status. These findings suggest cardiorespiratory fitness may exert a protective influence on working memory performance in both breast cancer survivors and women without a history of cancer.
In the 2-back condition, breast cancer survivors who engaged in more total daily physical activity had shorter reaction times on target trials. This effect also corresponds to findings in the aging literature that suggest greater total daily physical activity is positively associated with shorter reaction 
FIG. 3.
A significant interaction effect between disease status and heart rate recovery ( p = .011) suggested those in the age-matched control group who had faster heart rate recovery also had shorter reaction times for 1-back target trials (Est. = -5.17, p = .002, R 2 = 0.23). No such effect was evident in either breast cancer survivor group (radiation only: p = .241; chemotherapy: p = .329).
times in older adults during a working memory task. 27 That this total daily physical activity effect was evident only in the breast cancer survivor groups may suggest that greater physical activity provides unique protection to breast cancer survivors for more cognitively complex working memory tasks and further research is warranted. In addition, participants with faster heart rate recovery demonstrated shorter reaction times across trials and greater accuracy in target trials regardless of group status. These findings suggest the associaction of heart rate recovery on working memory processes in both cancer survivors and age-matched controls and parallel research suggesting improving heart rate recovery may also improve not only general wellbeing and health but cognitive function. 21 We are conscious that the comparatively small sample size could have limited the potential for observing significant findings among predictor variables in the multilevel regression models. However, research suggests samples of 50 study participants or more can be sufficient, showing little bias in the regression coefficients. 50 In addition, no corrections were made for multiple comparisons, as it has been suggested these corrections unnecessarily inflate the Type II error rate. 51 Instead, effect sizes for the estimated marginal means models (Cohen's d) to quantify the magnitude of these changes over time and the pseudo R 2 statistic were calculated for each multilevel growth curve model to account for variance explained.
While the breast cancer sample in the present study was heterogeneous, chemotherapy as part of cancer treatment was considered in these analyses. Cancer stage and time since diagnosis were also assessed and not found to be significant predictors of working memory in any of the 1-or 2-back 
FIG. 4.
A significant group by average total daily physical activity interaction ( p = .014) suggested all breast cancer survivors, independent of chemotherapy treatment, who engaged in more total physical activity had shorter reaction times for 2-back target trials (radiation only: Est. = -0.13, SE = 0.04, P = .002, R 2 = 0.12; chemotherapy: Est. = -0.24, SE = 0.07, p = .002, R 2 = 0.27).
models. Future research should utilize larger sample sizes and/or more targeted research based on age, cancer diagnosis and treatment, to further examine the independent effects of these factors. 11 If these inter-related mechanisms are shown to lead to cognitive impairment, then interventions can be targeted towards vulnerable breast cancer survivors with the aim of preventing or even reversing further physical and cognitive decline.
For the present study we chose to focus exclusively on the associations between fitness indices and working memory in cancer survivors and age-matched controls. Other research suggests a more overarching neuropsychological assessment of cognitive function in the following domains: attention, processing speed, memory, and executive function. 52, 53 This breadth of neuropsychological testing and corresponding neuroimaging is essential for further evaluating the presence, severity, and locus of cognitive impairments in cancer survivors, and to deconstruct which elements of cognitive function are most affected in breast cancer survivors and how physical activity and exercise training may differentially affect these constituent elements. 13, 54 In summary, we report differences in working memory between breast cancer survivors and age-matched controls. Greater cardiorespiratory fitness, heart rate recovery, and physical activity were positively associated with better working memory performance. Future research should use appropriately-powered longitudinal observational and intervention-based designs to further investigate the moderating role of cardiorespiratory fitness, heart rate recovery, and physical activity in cancer-related cognitive impairment. Research of this nature will help to better identify women with breast cancer at greater risk for cognitive decline and the development of exercise training interventions for the prevention and treatment of cancer-related cognitive impairment.
